† Background and Aims Floral symmetry presents two main states in angiosperms, actinomorphy ( polysymmetry or radial symmetry) and zygomorphy (monosymmetry or bilateral symmetry). Transitions from actinomorphy to zygomorphy have occurred repeatedly among flowering plants, possibly in coadaptation with specialized pollinators. In this paper, the rules controlling the evolution of floral symmetry were investigated to determine in which architectural context zygomorphy can evolve. † Methods Floral traits potentially associated with perianth symmetry shifts in Asteridae, one of the major clades of the core eudicots, were selected: namely the perianth merism, the presence and number of spurs, and the androecium organ number. The evolution of these characters was optimized on a composite tree. Correlations between symmetry and the other morphological traits were then examined using a phylogenetic comparative method. † Key Results The analyses reveal that the evolution of floral symmetry in Asteridae is conditioned by both androecium organ number and perianth merism and that zygomorphy is a prerequisite to the emergence of spurs. † Conclusions The statistically significant correlation between perianth zygomorphy and oligandry suggests that the evolution of floral symmetry could be canalized by developmental or spatial constraint. Interestingly, the evolution of polyandry in an actinomorphic context appears as an alternative evolutionary pathway to zygomorphy in Asteridae. These results may be interpreted either in terms of plant-pollinator adaptation or in terms of developmental or physical constraints. The results are discussed in relation to current knowledge about the molecular bases underlying floral symmetry.
INTRODUCTION
The flower is a key innovation that arose in plants around 130 mya and investigating floral architecture is a way to understand better the rise and diversification of Angiosperms. The flower is commonly described as the combination of male and female reproductive structures within a small space on the same shoot, surrounded by sterile perianth organs (Irish, 2000; Theissen et al., 2002; Bateman et al., 2006) . However, the flower -inflorescence boundary is sometimes blurred . A flower is usually characterized by the position, the number and the shape of its organs, constituting floral architectures that are characteristic of more or less high order taxa.
One of the components of floral architecture is symmetry. In its broader acception, floral symmetry points to perianth and androecium structures, very rarely encompassing the gynoecium that often presents specific reductions (Endress, 1999) . Among the diversity observed in flowers, two main types of symmetry are recognized. Actinomorphy ( polysymmetry or radial symmetry) refers to flowers where all the organs in the same whorl are identical and regularly placed on the receptacle. In contrast, zygomorphy (monosymmetry or bilateral symmetry) involves intrawhorl differentiation that generates a single symmetry plane, most often dorsoventral. Exceptions are scarce and concern only a few taxa, such as some Fumariaceae that have disymmetric flowers (e.g. Hypecoum and Dicentra sensu lato) or some Leguminosae and Cannaceae that possess asymmetric flowers (Dahlgren et al., 1985; Tucker, 2003) . Flowers with a spiral phyllotaxis are considered almost but not fully symmetric (Endress, 2006) . It is striking that the most speciose families are those which contain zygomorphic flowers (Sargent, 2004 ) (e.g. Fabaceae and Asteraceae in the eudicots, Zingiberaceae and Orchidaceae in the monocots). Furthermore, these taxa generally have a closed ground plan, i.e. a fixed organ number and arrangement, as is the rule in monocots and core eudicots. In contrast, zygomorphy is quite rare in basal angiosperms and early diverging eudicots (Endress, 1999; Ronse De Craene et al., 2003) where open ground plans are widespread. A link may thus exist between symmetry and other traits of the flower. Such a link was investigated recently in a group of basal eudicots, the Ranunculales (Damerval and Nadot, 2007) . In contrast to previous studies in which the evolution of floral symmetry was examined independently from other morphological characters Ree and Donoghue, 1999) , in the study of Damerval and Nadot (2007) the evolution of other floral traits was also considered in order to identify the morphological context of the evolution of symmetry. These authors showed that zygomorphy evolved three times independently in the Ranunculales, always in the context of a closed ground plan [consistent with the hypothesis of Endress (2001) ]. Changes in symmetry occurred independently from changes in perianth merism and stamen number. Moreover, in bisexual species, zygomorphy coincided with the presence of a single nectar spur.
A similar approach is used in this paper, focusing on the Asteridae, one of the two major clades of the core eudicots (APG, 2003) , in which flowers are characterized by closed ground plans. Subclass Asteridae includes up to 25 % of all angiosperms (Bremer et al., 2001) . About half of the 65 000 species (Ree and Donoghue, 1999) have zygomorphic flowers (Thorne, 1992) . The evolution of perianth symmetry was investigated in relation to perianth merism, the number of stamens and the number of floral spurs. The evolutionary history of each character was reconstructed on a composite phylogenetic tree of Asteridae. Correlated evolution between perianth symmetry and the characters listed above was then examined through phylogenetic comparative analyses. This type of analysis looks for correlated transitions between character states, and tests whether the evolution of a character considered as dependent is correlated with the evolution of another character considered as independent, taking into account the phylogenetic relationships between the taxa studied. These analyses have great potential for finding the taxa on which it is relevant to focus and for identifying cohorts of traits to be analysed from a developmental and molecular point of view. In the present study, correlated evolution was tested exclusively between morphological characters. This approach was undertaken to identify the architectural context in which zygomorphy can, or cannot, emerge in Asteridae, and to understand better the morphological context in which genes implicated in the shaping of the flower act.
MATERIALS AND METHODS
Building a composite tree of Asteridae and taxon sampling A composite tree is a combination of phylogenetic trees obtained from different datasets, each focused on a different taxonomic group. It is the only way to obtain a detailed phylogeny of high taxonomic level when no comprehensive phylogenetic study exists for this group based on a homogeneous dataset. Composite trees are useful when characters of genera or even species must be optimized on the phylogeny of a high taxonomic level clade (Sillen-Tullberg, 1993; Weiblen et al., 2000) . Using the phylogenetic tree of the families of Asteridae available from the Angiosperm Phylogeny Website (Stevens, 2001 onwards), a composite tree was constructed by grafting onto this backbone detailed phylogenies of families and genera (see Supplementary Information, available online) where needed for character optimization. All families of Asteridae are represented by at least one leaf in the composite tree. If no evolutionary transition for any trait under scrutiny was recorded, the family was represented by one leaf only. In the case of existing evolutionary transitions in a family, as many taxa (genera or species) were incorporated in the database as needed to obtain contrasting pairs of states for the characters considered in the study. This strategy had been used previously in character optimization studies (Ronse De Craene et al., 2003; Sargent, 2004) .
The final composite phylogeny contained 163 taxa and was assembled using the Mesquite 2 . 01 software (Maddison, 2000) . Since the individual phylogenies were inferred from various morphological and molecular characters, branch lengths were given a default value of 1. Families for which the phylogenetic position remains unclear, namely Icacinaceae, Oncothecaceae, Boraginaceae and Vahliaceae (belonging to Untitled Group 1, see Data Set in Supplementary Information, available online) were added to the composite tree by creating a polytomy with their sister taxa. Icacinaceae and Oncothecaceae were linked to Garryales, and Boraginaceae and Vahliaceae to Lamiales, Gentianales and Solanales. Bruniaceae, Columelliaceae, Eremosynaceae, Paracryphiaceae, Sphenostemonaceae, Escalloniaceae and Polyosmaceae (Untitled Group 2) were grafted to their sister taxa Apiales, Asterales and Dipsacales. Other polytomies were introduced when phylogenetic links between taxa were unresolved.
For the composite tree to be read by the BayesDiscrete method implemented in BayesTraits (Pagel et al., 2004; Barker and Pagel, 2005; Pagel and Meade, 2006) , available from www.evolution.rdg.ac.uk, polytomies had to be resolved and were given the length of 10 -5
, which was considered as negligible in comparison with the default length of one for all other branches. Algorithms that allow for resolution of polytomies exist ) that examine all possible resolutions including the least parsimonious ones (Maddison, 1989) . In the case of the Asteridae, many polytomies occur at deep nodes in the tree, resulting in a very large potential number of resolved trees. Phylogenetic comparative analyses were performed on a set of resolved trees and it was found that random resolution of polytomies did not influence the results of the statistical tests. Therefore, polytomies were manually resolved in the most-parsimonious way according to character evolution. In all the cases where a polytomy occurred and housed a change in states, only one character of the four considered was concerned by the change. This is why a single resolution was enough to reconcile the most-parsimonious evolution for all of the four characters for each polytomy.
Coding the characters and inferring ancestral states Table 1 lists the four floral traits considered in this study, together with the states defined for each character. Character states were principally compiled from Cronquist (1981) , Bremer et al. (2001) and Kubitzki (2004) and from the electronic databases Angiosperm Phylogeny Website (Stevens, 2001 onwards) , Delta (Watson and Dallwitz, 1992) and eFloras (www.efloras.org). In this study, flower symmetry was considered at the perianth (calyx þ corolla) level only. The primary objective was to test the potential correlations between perianth symmetry and other floral traits supposedly linked to it, like perianth merism, the intra-whorl differentiation of perianth (due to sepals or petals bearing spurs) and androecium organ number. Also, it was assumed that in Asteridae, perianth zygomorphy was more appealing to pollinators than androecium zygomorphy (Stebbins, 1974) .
A binary coding for androecium organ number was adopted. A flower with ten or less stamens (ten corresponding to twice the ancestral Asteridae perianth merism; see Results), was considered oligandrous. When the number of stamens exceeded twice the ancestral perianth merism, the flower was considered polyandrous. The multistate coding that was used for the perianth merism corresponded exactly with the observed character states. For the comparative analyses, however, multistate characters could not be used and therefore a binary coding system had to be established as input values for BayesDiscrete. For this purpose, perianth merism was coded as variable (state 0) or fixed (state 1).
The number of spurs was coded as state 0 if absent or equal in number to perianth merism, and as state 1 if inferior in number to perianth merism, in conformity with the absence/presence of an intra-whorl differentiation of petals and/or sepals. When the number of spurs was inferior to perianth merism, it was equal to one, except for the genus Diascia (Scrophulariaceae), which has flowers characterized by two lateral spurs. Binary codings were thus defined for perianth symmetry, androecium organ number, perianth merism and the number of spurs. In addition to requiring binary character states, the BayesDiscrete method does not accept polymorphisms in terminal taxa. To remove polymorphisms, it was decided to split each of the polymorphic branches into two branches with a length of 10 -5
. Each newly created branch referred to the same species but had a single state of the character (this is indicated by notations 1 and 2 in the Data Set in the Supplementary Information, available online; it was used for instance in the Asteraceae, which is characterized by inflorescences that may bear both zygomorphic and actinomorphic flowers). Phylogenetic trees were represented as cladograms, with terminal taxa coloured according to order. Branches were coloured according to the ancestral state (see Fig. 1 ) inferred by maximum parsimony using Mesquite 2 . 01.
Detecting a phylogenetic signal in the characters and optimizing the characters Before inferring the ancestral states in the composite tree, the presence of a phylogenetic signal in the distribution of the character states in the terminal taxa was tested. To test the phylogenetic signal, trees were randomly generated (10 000 simulations) from a set of 163 taxa, allowing an empirical distribution of the number of steps required to explain the distribution of character states (length of the tree) to be obtained. The original tree length was then compared with the empirical distribution: if ,5 % of the randomly generated trees are shorter than the original tree, a phylogenetic signal was considered to be present for the character. The simulations were run under the TreeFarm package of Mesquite 2 . 01. The uniform speciation algorithm (Yule model) was used to simulate the trees, with a tree depth fixed by default at 10. The evolution of each character (with both types of coding for perianth merism and the number of spurs) was optimized on the composite tree using the maximum parsimony method implemented in Mesquite 2 . 01.
Running the comparative analyses
Comparative analyses were performed using two different methods: maximum likelihood and pairwise comparisons. The first one is implemented in the BayesDiscrete method of BayesTraits and uses a likelihood ratio (LR) test for correlated evolution between pairs of binary traits. It calculates the likelihood of two models applied to the data. The first model allows the traits to evolve independently, whereas the second assumes correlated evolution between the two traits (omnibus test). Evidence for correlated evolution is found when the dependent model fits the data better than the independent one. This is evaluated by the LR statistic that compares the goodness-of-fit of the dependent model (H 1 ) to the data with that of the independent model (H 0 ). The LR statistic is defined as follows:
and is asymptotically distributed as a chi-square variable with degrees of freedom equal to the difference in the number of parameters between the two models. The four parameters of the null model are the independent transition rates between two binary traits (from state '0' to state '1', and conversely). The model of correlated or dependent trait evolution considers the four possible pairs that two binary characters can form: 1 ¼ (0,0); 2 ¼ (0,1); 3 ¼ (1,0) and 4 ¼ (1,1). Therefore eight transition rates q ij [i, j ] (1, 2, 3, 4)] have to be estimated assuming that simultaneous changes in the two characters are not likely to occur. In the case of the omnibus test the LR must be compared with x 2 with d.f. ¼ 4 (x 2 4 ¼ 9 . 49 with a confidence threshold of 5 %).
BayesDiscrete also tests for temporal ordering and directional trait evolution (Contingent Change Test) of the two characters. The aim of the temporal order test is to identify the first character to change starting from a pair of ancestral characters. The contingency test detects if, when a pair of traits evolve in a correlated fashion, the acquisition of the second state in a character is more probable when the other character has already acquired its second state. To perform these two tests, evolutionary models where one transition rate is constrained to the value of another one are compared with the model with eight parameters (Pagel, 1994 (Pagel, , 1997 . Composite tree of the Asteridae where the evolution of perianth merism is optimized using the maximum parsimony method. Branches are coloured according to the observed (terminal branches) and inferred (internal branches) character state. Yellow, Trimery/hexamery; red, tetramery; blue, pentamery; green, heptamery; grey, variable; black, undefined. The orders indicated on the right-hand side of the tree are according to the classification of APG (2003) . Taxon names are in the same order as the leaves of the tree from top to bottom and are coloured according to the order to which they belong.
The LR is then compared with x 2 with d.f. ¼ 1 (x 2 1 ¼ 3 . 84 with a confidence threshold of 5 %).
These tests can be summarized in a flow diagram of evolutionary changes. It is a schematic representation of the evolutionary sequence between the ancestral and the derived states of two characters (Rolland et al., 1998) . One could then determine which character changes before the other or, in other words, which transition is more likely knowing the ancestral combination of characters.
Symmetry was considered as the 'dependent' character in the tests for correlation between 'perianth merism and symmetry', 'androecium organ number and symmetry' and 'number of spurs and symmetry' because it was assumed that, during the early development of the flower, symmetry can be at least partly influenced by perianth merism, the number of stamens and the number of spurs. Alternatively the number of spurs can be considered as a consequence of the evolution of floral symmetry for two reasons: (1) all transitions towards single spurs or pairs of spurs occur in zygomorphic clades; and (2) no transition towards zygomorphy was found in actinomorphic þ spurred clades. Flower symmetry was also considered as the independent character for the test of correlated evolution between 'the number of spurs and symmetry'.
The algorithm used in BayesDiscrete infers the ancestral states at each node of the tree by a Markov process at each step of the simulations. The parameters used were those implemented by default in BayesDiscrete except for the scaling, which was added to take into account branch length.
The second method (Maddison, 2000) is implemented in the software Mesquite 2 . 01. Ancestral states are inferred at each node of the tree by maximum parsimony and phylogenetic pairwise comparisons are made (100 000 repetitions). Pairs contrasting in two binary characters are selected for the comparison (Read, 1995) . This test determines if a contrast in state 'A' vs. state 'a' predicts a contrast in state 'B' vs. state 'b'. The lineages between selected pairs are not shared; the algorithm cannot therefore consider all the lineages passing through a polytomy. Consequently, pairwise comparisons were run on the completely resolved composite tree. It should be noted that the pairs selected for pairwise comparison are not necessarily statistically independent even though they are phylogenetically independent (Maddison, 2000) .
RESULTS
Detecting a phylogenetic signal in the data According to Laurin (2004) , if the observed distribution does not significantly differ from a random one, then little confidence should be placed in the inference of ancestral states using parsimony, since state optimization might just as well be randomly inferred. The presence of a phylogenetic signal for a given character reflects its systematic utility (lack of homoplasy) and therefore gives more value to the inference of ancestral states. A phylogenetic signal was found in the three following characters: perianth merism 2, perianth symmetry and androecium organ number (P , 0 . 005). No phylogenetic signal was detected in the evolution of the number of spurs (P ¼ 1 . 0) or in perianth merism 1 (P ¼ 0 . 33). The absence of a signal for the number of spurs is possibly due to the scarcity of transitions towards the presence of spurs. In contrast, there were many transitions among states for perianth merism 1, and .5 % of the simulated trees were shorter than the composite tree. However, the optimization of perianth merism 1 on the tree was only used descriptively, and this character was not used in the statistical tests as a consequence of its multistate coding.
Inference of ancestral states and independent evolution of characters
The inference of ancestral character states using maximum parsimony indicates that the hypothetical ancestral flower of Asteridae is pentamerous, actinomorphic and oligandrous. Tetramery evolved at least once in each order of the Asteridae and is the second-most frequent type of perianth merism after pentamery. Variable perianth merism evolved seven times independently (and each time from a pentamerous perianth merism; see Fig. 1 ) which is surprisingly frequent for a clade where closed ground plans are supposed to be the basic floral Bauplan.
Zygomorphy evolved 15 times independently (see Fig. 2A ), each time in the context of a fixed perianth merism as shown from the comparison with the tree displayed on Fig. 1 . There were ten reversals to actinomorphy (see Fig. 2A ). Zygomorphic families were especially abundant in the orders Lamiales and Dipsacales, where all the reversals to actinomorphy were found. The families and genera that showed a reversal to actinomorphy were Patrinia (Valerianaceae), Byblidaceae, Oleaceae, Peltanthera (Gesneriaceae), Plantago (Plantaginaceae), Nuxia (Stilbaceae), Anisacanthus, Sanchezia (Acanthaceae), Nashia and Petrea (Verbenaceae). It is noticeable that almost all zygomorphic flowers in this study are pentamerous. Zygomorphy was found in tetramerous taxa only when these tetramerous taxa were derived within a zygomorphic lineage, as revealed by the comparison between Figs 1 and 2A.
Polyandry evolved three times in the Cornales and eight times in the Ericales, the two basalmost clades of Asteridae, yet only two times in the rest of the clade (see Endress, 2002) . Overall, oligandry was associated with zygomorphy (see Fig. 2A, B) , with two exceptions, namely the genera Couroupita (Lecythidaceae) and Tupidanthus (Araliaceae), where zygomorphy was acquired in a polyandrous context.
Multiple spurs (as many spurs as perianth merism) evolved only twice in the whole Asteridae clade (see Fig. 3B ), once within the genus Utleya (Ericaceae, Ericales) and once in Halenia (Gentianaceae, Gentianales). Both genera have actinomorphic flowers. Conversely, flowers with one or two spurs evolved seven times independently. Such flowers were zygomorphic (see Fig. 3A, B) . The acquisition of zygomorphy always preceded that of the single spur except in Balsaminaceae (Ericales) where both transitions occurred simultaneously in the tree shown in Fig. 3 .
Comparative analyses
The LR tests indicate that androecium organ number and the number of spurs are both correlated with perianth symmetry (LR ¼ 15 . 84, P , 0 . 05; LR ¼ 19 . 52, P , 0 . 001). Table 2 summarizes the tests of character correlation conducted in this study as well as the tests performed to assess the transition rate values. The flow diagram of correlated evolution between symmetry and androecium organ number established on the basis of the temporal order test and the contingency test (see Fig. 4 ) demonstrates that transitions towards a zygomorphic and polyandrous flower are scarce (q 24 and q 34 are not significantly different from zero, LRs ¼ 0 . 56, 2 . 42; P ¼ 0 . 454, 0 . 120, respectively). The transition rates indicated on the diagram, namely q 12 , q 21 , q 13 , q 31 , q 43 , are significantly different from zero (LRs ¼ 5 . 72, 5 . 66, 8 . 26, 34 . 42, 4 . 87, P , 0 . 025, P , 0 . 0025, P , 0 . 005, P , 0 . 001, P , 0 . 05, respectively).
The acquisition of zygomorphy or polyandry starting from an ancestral actinomorphic and oligandrous flower is equally probable (q 12 is not significantly different from q 13 , LR ¼ 3 . 34, P ¼ 0 . 067). Reversals to the ancestral state starting from an actinomorphic and polyandrous flower are not more likely than reversals from a zygomorphic and oligandrous one (q 31 is not significantly different from q 21 , LR ¼ 3 . 44, P ¼ 0 . 064). Because q 12 was not significantly different from q 13 , it was not possible to detect any temporal order in the acquisition of zygomorphy vs. polyandry. Furthermore, changes in perianth symmetry from actinomorphy to zygomorphy and the reverse are equally probable (q 21 is not significantly different from q 12 , LR ¼ 1 . 80, P ¼ 0 . 180). It is interesting to note that q 31 is significantly different from q 13 (LR ¼ 25 . 51, P , 0 . 001), indicating that in an actinomorphic background, transitions from polyandry to oligandry are more likely Fig. 1 . 1, Garryales; 2, Untitled Group 1; 3, Gentianales; 4, Solanales; 5, Lamiales; 6, Aquifoliales; 7, Apiales; 8, Dipsacales; 9, Untitled Group 2; 10, Asterales; 11, Ericales; 12, Cornales.
than transitions from oligandry to polyandry. q 43 is significantly superior to q 21 (LR ¼ 4 . 60; P , 0 . 05) suggesting that the reversal to actinomorphy is more likely when the flower is polyandrous than oligandrous. Similar tests were performed to examine the relative timing of evolution between perianth symmetry (considered as the independent state) and the number of spurs. The only transition rates that were significantly different from zero were those linking a zygomorphic flower without spurs [state (1,0)] and a zygomorphic flower with a single spur or two spurs [state (1,1)] (LR ¼ 17 . 30, P , 0 . 001) and conversely (LR ¼ 6 . 12, P , 0 . 025). In a zygomorphic context, the acquisition of one or two spurs occurs less frequently than reversals towards the absence of spurs (LR ¼ 5 . 46, P , 0 . 025). Since the transition rates between the states (0, 0) and (1, 0); (0, 0) and (0, 1) were not significantly different from zero, the precedence of zygomorphy and the emergence of spurs could not be traced statistically.
According to the pairwise comparisons (Mesquite 2 . 01), the evolution of symmetry is correlated with androecium organ number, the number of spurs and perianth merism 2 (P , 0 . 01). Zygomorphy is strictly associated with oligandry and a fixed perianth merism, and a single nectar spur or a pair of oil spurs are only found in zygomorphic flowers.
DISCUSSION

Powers and pitfalls of the comparative analysis
Phylogenetic comparative methods (PCMs) are statistical tools that were originally developed by evolutionary ecologists for testing hypotheses about adaptation. This is done Gentianales; 4, Solanales; 5, Lamiales; 6, Aquifoliales; 7, Apiales; 8, Dipsacales; 9, Untitled Group 2; 10, Asterales; 11, Ericales; 12, Cornales. by looking at the correlated evolution between morphological and ecological characters in a set of species, taking into account the phylogenetic relationships of these species (Harvey and Pagel, 1991; Rolland et al., 1998; Cézilly et al., 2000; Chapman et al., 2006; Summers et al., 2007) . This is a means to distinguish correlation due to adaptation from historical correlation. PCMs are also relevant to the analysis of correlations between morphological characters (Cubo and Arthur, 2001) , as a method of detecting developmental constraints, i.e. factors limiting the potential range of forms into which an organism can grow (Rudall and Bateman, 2003) , which is the focus of the present study. Phylogenetic frameworks can be used to (a) suggest the direction and likelihood of character changes, (b) understand better ontogenic sequences, and (c) select the appropriate taxa for detailed developmental studies (Kramer et al., 1998; Kramer and Irish, 1999; Donoghue and Ree, 2000) . The phylogenetic tree used for the Asteridae in the present study, while well supported in its overall architecture, still contains poorly resolved regions. Moreover, since it is a composite tree produced by the combination of several phylogenies inferred from various data types, all branches, except those resulting from the resolution of polytomies or polymorphisms, had a default length of 1. New branches formed to resolve polytomies and polymorphisms had a default length of 10 -5
. Other lengths were tested for resolving polytomies and polymorphisms (10 -2 and 1) without significantly changing the results. Thus, even though transition rates are inflated in these shortened branches, the length of newly created branches was kept at 10 -5 to reflect as accurately as possible the polytomous state of the branching. Since the distribution of the states for perianth symmetry, androecium organ number and perianth merism was strongly associated with the composite tree, it was possible to infer ancestral states for these characters using parsimony. However, estimating ancestral states using likelihood on the basis of this kind of tree with equal branch lengths remains questionable (for discussion, see Sannier et al., 2007) .
The opportunity for scoring evolutionary transitions in a given character can be influenced by taxon sampling and assumptions of branch length (Ree and Donoghue, 1999) . . Transition q 31 (thick arrow) has a significantly higher value than transition q 13 (thin arrow; P , 0 . 001), idem for q 43 and q 21 (P , 0 . 05). q 21 and q 12 are not significantly different (P ¼ 0 . 180), the same for q 12 and q 13 (P ¼ 0 . 067). This table lists the tests of correlated evolution (d.f. ¼ 4) between pairs of characters conducted in this study in addition to the tests of alternative models (d.f. ¼ 1), versus an eight-parameter model of dependent evolution between traits. The parameters q ij are the transitions rates between states i and j. The four different states are 1 ¼ (0, 0); 2 ¼ (0, 1); 3 ¼ (1, 0) and 4 ¼ (1, 1) , where the first variable refers to the state of the independent character and the second to the dependent one. NS, Non-significant at a 5 % threshold. When the test is non-significant for the tests of alternative models, for instance, it means that the difference between the constrained seven-parameter model is non-significantly different than the eight-parameter model.
In the composite tree of the Asteridae in the present study, zygomorphy and actinomorphy were not equally distributed and this could potentially introduce a bias in estimating transition rates between the two morphs (Thorne, 1992; Ree and Donoghue, 1999) . To reflect as accurately as possible the relative abundance of zygomorphy in Asteridae, zygomorphic and actinomorphic species should have been represented in similar proportion (Thorne, 1992) . Since the goal of the present study was to reveal a possible impact of several architectural traits on the evolution of symmetry, we deliberately chose to focus on families and genera that presented variation for the characters considered. This allowed us to account for the actual number of transitions as precisely as possible without using a comprehensive tree of the Asteridae clade. Actinomorphic taxa presented more variation in the three other characters studied than zygomorphic taxa, and are therefore overrepresented in our tree. Equilibrating the proportion of actinomorphic and zygomorphic taxa would have introduced a bias in the representation of the other traits. Consequently, no attempt was made to correct the proportion of the different states in symmetry. The taxa sampled were selected so that the ancestral states inferred by the maximum parsimony method would not be altered by pruning unvariable taxa off the clade.
The evolution of floral symmetry
The present results show that within Asteridae at least 15 independent transitions from actinomorphy to zygomorphy occurred and ten reversals to actinomorphy. This result is consistent with a previous study showing that the mostparsimonious scenario for the evolution of symmetry in Asteridae assumes at least eight independent origins for zygomorphy and at least nine reversals to actinomorphy . Their study, as well as the present one, was carried out with equally weighted transitions between actinomorphy and zygomorphy. However, it has been demonstrated that inferring the mostparsimonious ancestral states is contingent upon a particular set of transformation costs . For example, for zygomorphy to be the most-parsimonious ancestral state for the Asteridae the cost of gains must be weighted more than three times the cost of losses (Ree and Donoghue, 1999) . Molecular studies on developmental genetics in model species support the view that zygomorphy is controlled by a complex network of transcription factors and target genes (Corley et al., 2005; Costa et al., 2005) , which suggests that the loss of this character state might be easier than its acquisition and supports an unequal weighting of transitions. However, it is also modulated and constrained by interactions with other architectural floral traits (see below) and by the ability of pollinators to exploit the new morphs in order to give rise to an interspecific differentiation. Thus, due to the lack of information to compare the transitions between actinomorphy and zygomorphy, they were assigned the same cost in the present study.
Our approach suggests that perianth symmetry does not evolve independently from the other architectural traits.
Our tentative scenario (Fig. 5 ) summarizes all the possible changes affecting the ancestral flower of Asteridae, which is pentamerous, actinomorphic, oligandrous and spurless. It shows that the reversal to actinomorphy only occurred in oligandrous, spurless and pentamerous clades. Possible evolutionary trends revealed by this scenario are discussed below.
Correlated evolution between perianth symmetry and perianth merism
The Asteridae clade is a good candidate for studying the relationship between perianth symmetry and merism, due in particular to the high number of independent evolutions of variable perianth merism in this clade. Indeed, there are eight independent transitions towards variable perianth merism from an ancestral fixed state, which is rather surprising in derived angiosperms. This phenomenon can be interpreted as a reversal. The present results show that in Asteridae, zygomorphy always appears in the context of fixed perianth merism, suggesting that the evolution towards zygomorphy is only possible in the context of a fixed floral ground plan. Furthermore, the correlated evolution between perianth symmetry and perianth merism indicates that zygomorphy mostly appears in pentamerous taxa. Zygomorphy is present in tetramerous taxa only when derived within a pentamerous þ zygomorphic lineage. It can be hypothesized that these tetramerous taxa originate from pentamerous ones through a fusion of two petals . The only case where zygomorphy was associated with hexamery was in the genus Couroupita (Lecythidaceae; Tsou and Mori, 2007) .
Correlated evolution between perianth symmetry and the number of spurs As suggested by the comparison of the mirror trees on Fig. 3 , spurs with rewards (nectar or oil) are not restricted to zygomorphic flowers in Asteridae. Single nectar spurs or pair of oil spurs are strictly contingent to zygomorphic flowers, since among the seven taxa presenting spurred zygomorphic flowers, six have a single nectar spur and one has a pair of oil spurs. This is logical since a flower that has one or two spurs is de facto zygomorphic. The genus Diascia is the only case recorded for a flower with a pair of spurs. This genus has pentamerous zygomorphic flowers with two spurs originating from the lateral petals, which is linked to a particular pollination syndrome (Endress, 1994) . These are oil spurs and not nectar spurs. Bees collect the oil with their forelegs, and not with the proboscis (Vogel, 1974) . Thus the structures that produce floral oil tend to be paired. Even though nectar and oil spurs are not homologous, they were both considered to be morphological differentiations of the corolla. Flowers that have as many spurs as corolla merism evolved only twice in the Asteridae, in the tetramerous genus Halenia (Gentianaceae) and the pentamerous genus Utleya (Ericaceae). In both cases the flowers are actinomorphic. It is clear from Fig. 3 that zygomorphy evolves before the emergence of spurs and that these two acquisitions are not simultaneous. It is therefore tempting to suggest that floral symmetry constrains the emergence of spurs. The genetic determinants of spurs are not hitherto elucidated, but mutations in KNOX homeobox genes in A. majus (Golz et al., 2002) have been shown to affect corolla development and the elaboration of an invaginated spur-like structure.
Correlated evolution between perianth symmetry and androecium organ number
In the Asteridae, the evolution of perianth symmetry is correlated with androecium organ number. This is not the case for Ranunculales, where shifts in perianth symmetry are not necessarily associated with changes in stamen number (Damerval and Nadot, 2007) . The statistically significant correlation between perianth zygomorphy and oligandry leads to the suggestion that androecium organ number might be a developmental or spatial constraint exerted on floral symmetry. A high number of stamens may possibly prevent the spatially or temporally heterogeneous development of organs, which is a prerequisite for zygomorphy. This could explain why transitions towards 'zygomorphy þ polyandry' were recorded so scarcely (see Fig. 4 ). The two genera recorded in this study as 'zygomorphic þ polyandrous' were Tupidanthus in Araliaceae and Couroupita in Lecythidaceae. The perianth of Tupidanthus is composed of a calyptra and a calyx reduced to a rim (Sokoloff et al., 2007) and Couroupita is characterized by an androecium held by an elongated structure of the flower (Tsou and Mori, 2007) and therefore placed well above the perianth. These two particular floral morphologies are highly specialized and cannot be interpreted as easily in terms of physical constraint of androecium on perianth symmetry. In addition, it is shown that the ancestral state 'actinomorphy þ oligandry' is the most stable state (see Fig. 6 ), evolutionarily easy to reach and hard to lose (see the transition rates in Fig. 4 , the differences between q 21 and q 12 as well as between q 31 and q 13 being positive). We suggest that the acquisition of polyandry in actinomorphic flowers has a non-negligible morphogenetic cost but may be beneficial in the presence of adapted/suitable pollinators (trade-off ), and could therefore be considered like zygomorphy, as a key innovation. For example, polyandry is often observed in beetle-pollinated systems that are derived rather than ancestral in angiosperms (Bernhardt, 2000) . Another strategy, namely 'zygomorphy þ oligandry', is also an unstable combination of symmetry and androecium states. Although zygomorphy can be selected for the advantage it confers to flowers in optimizing the physical interaction between the flower and its pollinators, this trait could potentially be easy to lose through single mutations in the gene network determining floral symmetry (see below). However, this is not the only possible mechanism of reversion to actinomorphy. Citerne et al. (2006) showed that in the legume Cadia the reversal to actinomorphy could be a homeotic transformation due to heterotopic change in gene expression. When comparing the two lower unstable states on the scale of morphogenetic cost, it appears that it is much easier to revert to 'actinomorphy þ oligandry' from polyandry than from zygomorphy (the value of q 31 is more than twice that of q 21 ).
The last combination of states, 'zygomorphy þ polyandry', is the most unstable. Transitions to this combination of traits are very rare.
As discussed previously, the proportion of zygomorphic taxa is underestimated in the present tree because these taxa appear devoid of evolutionary transitions in stamen number, perianth merism and presence of spurs. This may suggest that zygomorphy promotes high speciation rates, but once it is established, it is less amenable to subsequent evolutionary changes than is actinomorphy, maybe because of closer interdependency with specialized pollinators and/ or complexity of genetic networks. At first, this could seem contradictory with the fact that 'zygomorphy þ oligandry' appears quite unstable compared with 'actinomorphy þ oligandry'. These statements can be reconciled if it is considered that 'zygomorphy þ oligandry' corresponds to a canalized development, probably maintained by additional forces, like selective pressures operating on the pollination syndrome. The cohort of pollinators could be more affected by a change in perianth shape than by a reduction in the androecium organ number.
Interestingly, in the present study all reversals from zygomorphy to actinomorphy in an oligandrous context occur in taxa where the number of stamens is equal to perianth merism and there are no staminodes, except for the genus Peltanthera (Gesneriaceae, Lamiales). In this particular case, we suggest that the staminode exerts the same spatial constraint on symmetry as a fully developed stamen would do. A study on the monocots giving particular attention to the presence of staminodes in relation with floral symmetry showed that the differential development of one or two stamens emphasizes one plane of symmetry over the two other planes, rendering the stamen whorl zygomorphic (Rudall and Bateman, 2004) . It would be interesting to examine androecium structure in the Asteridae further, especially to describe the relationship between perianth and androecium symmetry, and androecium organ number and symmetry, in order to determine any contingency between these traits.
Remarkable progress has been achieved in understanding the molecular bases underlying floral symmetry in the model species Antirrhinum majus (Asteridae) and Lotus japonicus (Rosidae), in which zygomorphy affects both corolla and androecium. Antirrhinum majus has pentamerous tubular bilabial flowers, with one of the stamens reduced to a staminode. Petal identity and abortion of the dorsal stamen are controlled by the interplay of four genes belonging to two families of transcription factors (Corley et al., 2005) . CYCLOIDEA is the keystone of this network (Luo et al., 1995 (Luo et al., , 1999 Reeves and Olmstead, 2003; Corley et al., 2005) ; it retards the growth of the dorsal domain and inhibits the development of the dorsal stamen. LjCyc2, a CYC paralogue plays a similar role in L. japonicus (Feng et al., 2006) . Extension or restriction of the expression domain of CYC paralogues has been shown to play a role in perianth symmetry and androecium development in the two Antirrhineae Linaria vulgaris, Mohavea confertiflora and the Fabaceae Cadia purpurea (Cubas et al., 1999; Hileman et al., 2003; Citerne et al., 2006) . The correlated evolution of perianth symmetry and androecium organ number in these species may reflect either ancestral or parallel adaptation in relation to the pollination syndrome, relying on a regulatory network promoting zygomorphy at the perianth and androecium levels.
The present analyses on Asteridae reveal that polyandry and variable perianth merism largely prevent perianth symmetry from evolving towards zygomorphy and point out that the acquisition of zygomorphy precedes the emergence of single or paired spurs. Interestingly, the evolution of polyandry in an actinomorphic context may appear as an alternative pathway to zygomorphy in Asteridae in terms of key innovations. This type of statistical analysis on morphological data in a phylogenetic context will be useful in evo-devo studies trying to unravel the genetic bases of symmetry in eudicots and can potentially be extended to all flowering plants. state is the most stable (square), whereas the 'zygomorphic þ polyandrous', 'actinomorphic þ polyandrous' (A, .), and 'zygomorphic þ oligandrous' (Z, ,) are unstable states (circles). Climbing over a 'hill' of morphogenetic cost is less probable than reverting to the ancestral state. The height of the 'hills' (Z, .), (A, .) and (Z, ,) are proportional to the differences q 43 -q 34 , q 31 -q 13 and q 21 -q 12 .
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